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ABSTRACT 
Variable spiny lobster foraging across a variable intertidal 
landscape 
by 
Mary McCormick 
Master of Science in Applied Marine and Watershed Science 
California State University Monterey Bay, 2016 
 
 The rocky intertidal zone serves as an important nighttime high tide foraging habitat 
for the California spiny lobster (Panulirus interruptus) but the role of this habitat in 
supporting this valuable species may vary with fine-scale differences in the habitat. On 
Catalina Island, variation in the proportions of crabs, mussels, and limpets that lobsters target 
may reflect variation in prey availability or consumer population demographics, independent 
of fishing pressure.  I estimated the relative contribution of three important lobster prey taxa 
by applying Bayesian mixing models in MixSIAR to δ15N and δ13C signatures of lobsters and 
their prey from both a fished and a protected site. Mixing models indicated that mussels 
represented a greater proportion of the diet of lobsters from the fished site which has 
persistent mussel beds, a known foraging habitat for lobsters. Mixing models that 
incorporated demographic variables also indicated that foraging site, sex, and carapace length 
were important variables in explaining variation in spiny lobster diet. Manly selectivity 
analyses indicated that overall lobsters selectively forage for mussels at both sites but prey 
use and selectivity also varied between individuals. The strategy of closing areas to fishing 
can impact local trophic dynamics but habitat quality, regardless of fishing pressure, remains 
an important factor in determining prey availability and community trophic dynamics. This 
study provides evidence suggesting that fine-scale differences in foraging habitat equate to 
differential foraging potential and influence consumer diets.     
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INTRODUCTION  
 The design of our conservation efforts must reflect the scale of crucial ecological 
interactions like consumer resource use. In the case of coastal systems, protection within 
marine protected areas (MPAs) can be scaled appropriately, and can bolster populations 
of exploited species, spurring trophic differences in comparison to fished communities 
(e.g. Lafferty 2004, Guidetti 2006, Shears and Babcock 2009, Barrett et al. 2009, Guest et 
al. 2009, Babcock et al. 2010). Yet the effect of marine reserves can vary with habitat 
heterogeneity (Harmelin-Vivian et al. 2008, Kay et al. 2012a). In the case of the 
California spiny lobster Panulirus interruptus, previous work indicates animal density 
and size reflect affinities to fine-scale local habitat features (Parnell et al. 2006, Kay et al. 
2012a), while habitat associations and survival reflect habitat characteristics at both local 
and ecosystem scales (Mai and Hovel 2007).  
The need for managing P. interruptus take has arisen as fishing has reduced their 
abundance, mean size, and the scope of their functional role within rocky reef 
ecosystems. A century of lobster trapping records indicates that catch per unit effort has 
declined by over an order of magnitude (Iacchei 2005) and scientists have observed the 
functional removal of the largest lobsters, so populations that once served to control 
voracious grazers such as urchins now have a truncated size structure and consequently, a 
more limited predatory capacity (Dayton et al. 1998). In California, gear restrictions, a 
catch size minimum, bag limits, and seasonal closure of the spiny lobster fishery have 
been more recently supplemented with the development of a Fishery Management Plan 
(FMP) and implementation of a marine reserve network. Evidence from other lobster 
species suggests marine reserves bolster populations (e.g. Kelly 2000) and contribute to 
spillover effects, increasing catch per unit effort outside of reserves (e.g. Goñi et al. 
2006).  California marine reserves of various ages and sizes have been credited with 
increasing P. interruptus abundance, biomass, and fecundity (Iacchei et al. 2005), with 
supporting more especially large individuals and affording reserve spillover exploited by 
fishers (Parnell et al. 2005), with increasing their density, trap yield, and mean size (Kay 
2012b), and with unintended consequences such as altering attack behavior in response to 
elevated competition (Berriman et al. 2015). A closer examination of the scale at which 
trophic dynamics vary may help optimize future marine reserve design approaches.    
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  I postulate the widely observed pattern of considerable intraspecific diet variability 
in a variety of species (Phillips 2014) is also detectable in P. interruptus. Lobsters in this 
region of Catalina Island have been observed to seasonally specialize on eating mussels 
(Robles 1987), but this may vary with factors such as variable competition, ontogenic 
limitations such as gape size, and mussel abundance. Investigating lobster diet variability 
in the context of prey habitat and demographic variables can help explain its dynamic and 
spatially variable role as a mesopredator. This work also may stimulate further research 
on the plasticity and resilience of a species during a time when regional landings remain 
high compared to the 1980s (Miller 2014), while biomass and cover of their mussel prey 
has contracted (Smith and Murray 2005, Smith et al. 2006).     
In order to assess variation in lobster diet I compared diets of lobsters using stable isotope 
analysis (SIA) of their muscle tissues. Compared to more traditional diet research 
methods such as gut content analysis, SIA supports a more temporally integrated estimate 
of important prey (Peterson and Fry 1987). SIA based trophic studies rely on the 
assumption that consumers incorporate the isotopic signature of their prey into their 
tissues in a predictable manner, creating a record of their main prey sources (Post 2002). 
Specifically, carbon tends to increase about 0.5 ‰  per trophic level (McCutchan et al. 
2003) while nitrogen tends to experience pronounced fractionation, becoming more 
enriched in the heavier isotope, 15N, by approximately 3 ‰  per trophic level (Peterson 
and Fry 1987). To assess trophic variability between two sites I applied Bayesian mixing 
models to the isotope data, which yield probability densities of proportional contribution 
of prey types while accounting for both the isotopic variability associated with each prey 
source and the expected change in isotopic values between prey and consumers (Moore 
and Semmens 2008). Others have used SIA to help determine J. edwardsii trophic level 
varied with mussel presence and kelp density, while marine reserve designation was not a 
strong trophic level predictor (Jack and Wing 2007). Similarly, I expected to find that P. 
interruptus diet is primarily influenced by the availability of mussels within their 
foraging habitats, rather than protection within a marine reserve.  
 My main goal was to compare intertidal trophic dynamics at two sites in Northern 
Catalina, to better understand the spatial scale at which intertidal lobster foraging varies 
and the role of prey availability in influencing this variation. To test the hypothesis that 
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spiny lobster diet composition varies by site (Hypothesis1) I estimated the relative 
contribution of three important resident lobster prey taxa (Robles 1987) by applying 
Bayesian mixing models in MixSIAR to δ15N and δ13C signatures of lobsters and their 
prey from both a fished and a protected site. To test the hypothesis that diet composition 
varies with size, sex, and reproductive state (Hypothesis 2) I applied three alternate 
mixing models that each incorporated one of these demographic covariates, to these same 
δ15N and δ13C data. To test the hypothesis that these lobster selectively forage upon 
mussels (Hypothesis 3), I estimated intertidal prey availability and I applied the Manly 
selectivity measure to each individual lobster. Ultimately improved knowledge of 
variability in lobsters' foraging across a heterogeneous intertidal landscape may help 
highlight their important prey resources, and may help identify the habitat that is most 
critical to this important predator and fishery species. 
 
METHODS 
Study Area 
 I conducted this study on the temperate shorelines and shallow rocky reefs of Catalina 
Island, CA. Study sites were located at Big Fisherman Cove, which has been protected from 
fishing as part of the Catalina Marine Science Center Marine Life Refuge since 1988, and sites 
across a channel, at an islet called Bird Rock (Fig. 1). The rocky intertidal benches at these sites 
are composed of rocky substrate supporting similar benthos: a band of sea grass in the lower 
intertidal zone, red turf algae and coralline algae in the mid-intertidal, with Silvetia sp. fucoid 
algae dominating the upper intertidal. Bird Rock has supported a long-standing yet decreasing 
mussel bed while Big Fisherman cove experiences lower mussel recruitment and is not 
characterized by any persistent mussel cover (Robles et al. 2001). The lobster subpopulations 
from the two study sites were considered independent given the high site fidelity and small range 
of nightly foraging movements of P. interruptus observed in this area (Stull 1991) and in other 
Southern California habitats (Withy-Allen and Hovel 2013), though the depth separating the two 
areas does not exceed their known depth limits and genetic analysis does not suggest they have 
independent larval supplies (Vargas et al. 2013).  
 
Prey availability and Lobster Abundance Surveys 
 Habitat surveys were focused within three replicate 20 m2 intertidal band transects per 
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site. For comparative purposes, these transect locations were selected to coincide with earlier 
benthic ecological studies (Robles 1987) where the lobsters are known to feed during warm 
season nighttime high tides. Invertebrate prey availability estimates at each site were based on 
thirty 121 cm2 in situ invertebrate count surveys stratified along each 20 m2 band transect. 
Underwater visual surveys of lobster abundance were conducted within these transects by 
SCUBA divers during both day and night high tides.   
Collections 
 In 2013 (June 25th - July 9th) I collected spiny lobster leg muscle samples, samples of 
their common invertebrate prey (Mytilus californianus, M. galloprovincialis, Pachygrapsus 
crassipes shore crabs, and Lottia limatula and L. scabra limpets), primary producers (Plocamium 
cartilagineum, Corallina officianalis and particulate organic matter (POM)). Collections yielded 
approximately ten tissue samples of each species, at each transect. Lobsters were collected during 
nighttime scuba dives conducted during high-amplitude high tides (> 1.5 m). Their carapace 
length (CL), sex, and reproductive stages were recorded and their second walking leg was 
removed for a muscle tissue sample. Reproductive state of female lobsters were recorded as 
plastered (with spermatophores fixed to their sternum), berried (with visible egg masses), or non-
reproductive (individuals with no spermatophores or eggs visible). Prey species were removed 
from the same transects during daytime collections and separated from their shells and digestive 
tracts before freezing. Primary producers were sampled in two manners: ten turf algae and ten 
coralline algae samples were collected from each transect and POM was collected from three 
water samples per transect and filtered through ashed glass fiber filters. Three water samples were 
also collected from offshore (~10 km) for comparison to the less phytoplankton dominant water 
mass.  
Sample Preparation 
 All muscle tissues were dissected from individual P. interruptus, M. californianus, M. 
galloprovincialis, L. limatula, L. scabra, and P. crassipes, dried at 60°C for 72 hours, and ground 
to a homogenous powder in a SPEX Sampleprep 5100 mixer mill. Individual limpet samples 
weighing less than 1mg (dry) were pooled with other conspecifics from the same transect to 
achieve adequate sample mass. All other samples were processed as individuals. Samples were 
transported in a dry box with silica desiccant, to ensure samples remained dry. C:N ratios of the 
P. interruptus muscle samples (3.28 - 3.60) indicated that lipids were uniformly low and lipid 
extraction from lobster samples was unnecessary (Post et. al 2007). C:N ratios of prey samples 
(3.17 - 5.35) indicated that many limpet and mussel prey samples exceeded the 5% lipid threshold 
(C:N > 3.5) and therefore required mathematical lipid normalization (Post et al. 2007). I applied a 
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linear lipid normalization equation developed for aquatic organisms by Post et al. (2007) to prey 
samples exceeding a C:N ratio of 3.5 to correct for the negative δ13C bias introduced by lipids 
(DeNiro and Epstein 1977).  To exclude inorganic carbon from POM and algae samples, these 
samples were halved and either acidified with 1 N HCl prior to carbon SIA or left untreated for 
nitrogen SIA. The Stable Isotope Facility (SIF) at the University of California at Davis analyzed 
samples using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 
isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). SIF reports a long-term standard 
deviation of ±0.2 δ 13C and ±0.3 δ15N. To assess precision, standard deviation of replicates of 
eight tissue samples were calculated (±0.04 δ 13C and ±0.08 δ15N). Following Koch (2007) SIA 
values from intramolt individuals were omitted from analysis to avoid any artifacts from animals 
in a catabolic state and the associated increased nitrogen fractionation (Hobson 1993).  
Statistical Analysis 
 To test for variation in spiny lobster diet composition by site (Hypothesis 1) I estimated 
each group of lobsters’ primary prey sources by applying Bayesian mixing models to the isotope 
data using the MixSIAR v.2.1.2 (Stock and Semmens 2013) graphical user interface in R v.3.2.0 
(R Core Team 2015). MixSIAR mixing models take stable isotope data of a consumer and prey, 
assumed trophic enrichment factors, and error and produce posterior probability distributions of 
source contribution (Moore and Semmens 2008, Stock and Semmens 2013).  In this case the 
contributions of mussel, limpet, and crab to lobster diets were estimated using the naturally 
occurring δ15N and δ13C in the muscle tissues of these organisms. Because consumer δ15N and δ 
13C reflect both trophic variability and variability in isotope values of primary producers at the 
base of the food web, (Vander Zanden and Rasmussen 1999, Post 2002) I accounted for site-scale 
variability in primary producer δ15N and δ13C in the models. The categorical covariates included 
in the model as random effects included transect nested within site from which each lobster tissue 
sample was collected. Individual effects were also included as random effects following 
Semmens et al. (2009). To account for trophic fractionation, I assumed a carbon trophic 
discrimination factor (∆ 13C) of 0.8 ± 0.1 and a nitrogen trophic discrimination factor (∆ 15N) of 
3.3 ± 0.15 based on values derived from rock lobster leg muscle (Suring and Wing 2009). 
Utilizing Gibbs sampling, probability densities were based on 1,000 independent draws (chains = 
3, chain length=100,000, burn-in phase = 50,000 iterations, thinned to every 50th sample).  I 
confirmed model convergence using the Gelman-Rubin diagnostic (Gelman et. al 2003). Mixing 
model results were reported as the posterior probability densities of each prey type’s contribution 
to the resident lobsters' diet. Mean standard deviations of probability densities were also reported 
for each variable as they indicate the amount of variability in the consumer diet explained by each 
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variable. I then assessed trophic discrimination factor sensitivity by repeating this analysis with ∆ 
13C and ∆ 15N alternately reduced and increased by 25% and comparing resultant diet estimates 
with Welch two-sample t-tests.   
 To test for demographic patterns in diet composition (Hypothesis 2) I applied three 
alternate mixing models that incorporated three demographic variables respectively to 
these same δ15N and δ13C data. I retained site as a covariate in all models, included a 
demographic covariate nested within site in each, and otherwise followed the previously 
described modelling approach using MixSIAR. Specifically, to test for a relationship 
between lobster sex and diet, I designated sex nested within site as categorical covariates 
in the model, included as random effects. To then test for a relationship between lobster 
size and diet, I designated size as a continuous covariate, and site as a categorical 
covariate, included in the model as random effects. Third, to test for a relationship 
between female lobster reproductive stage and diet, I included reproductive stage nested 
within site as a categorical covariate, included in the model as random effects. To test 
whether there is evidence to suggest the lobsters selectively forage upon particular prey 
types (Hypothesis 3) I estimated prey availability and applied the Manly selectivity 
measure for lobsters at each site, to compare used and available prey. Specifically, I 
estimated crab and limpet prey availability by converting in situ prey counts to area cover 
estimates based on mean body size measurements of prey collected from transects at each 
site. Mussel coverages were estimated in the field. Given the foraging range expected of 
these lobsters over a period of multiple months (the approximate duration accounted for 
using SIA of white muscle), I assumed prey availability was uniform across a site, in 
accordance with design II guidelines as defined by Thomas and Taylor (1993). I also 
assumed the lobsters within each size class had equal access to all limpet, mussel, and 
crab prey within in a given site. Meanwhile prey use was specified for each individual 
lobster per individual mixing model results. To address the possibility of increased access 
to prey with increased lobster size, separate selectivity measures were calculated for four 
size classes of lobsters at each site: size 1 (CL ≤ 6.75 cm), size 2 (CL = 6.76 – 8.05 cm), 
size 3 (CL = 8.06 – 9.50 cm), and size 4 (CL ≥  9.51). I then used the widesII function in 
R v. 3.2.0 (R Core Team, 2015) to assess uniform habitat use and prey selectivity patterns 
in each size class, at each site. This function tests for both identical use and for selection 
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in each individual using a log-likelihood chi-square analysis. 
 
RESULTS 
Stable Isotope Collections 
 Sampled lobsters were 3.50 – 14.00 cm (CL), and consisted of 65 females and 42 
males. The majority of females were berried (n=53), some were non-reproductive (n=11), 
and one was recently plastered. Three lobsters were determined to be in an intramolt 
period and omitted from further analyses. Intertidal algae and prey collections yielded up 
to ten samples per species per transect when available, with totals of: 47 Corralina 
officianalis, 42 Plocamium cartilagineum, 60 Lottia limatula, 61 Lottia scabra, 32 
Mytilus californianus, 35 Mytilus galloprovinciallis, and 60 Pachygrapsus crassipes.   
SIA results, δ13C and δ15N, were reported by SIF for lobsters and lobster prey (see 
Appendix B and C). Mean isotope values of autotrophs (POM and benthic macroalgae), 
each prey species, and the lobsters, suggest the sites are isotopically variable across 
trophic levels (Table 1).  Isotopes of individual lobsters indicated a different relationship 
between δ13C and δ15N at the two sites, suggesting variation in trophic dynamics (Fig. 2). 
Acidification of algae samples prior to SIA analysis had variable effects on δ13C in 
comparison to non-acidified subsamples (x̅ = +0.09, sd = 0.23, n = 41).   
Lipid Levels and Mathematical Lipid Normalization 
 C:N ratios in P. interruptus and in all but one P. crassipes indicated uniformly 
low lipid levels while C:N ratios of other sampled prey indicated higher lipid levels 
(Table 2).  Mathematical lipid normalization of all prey samples with C:N ≥  3.4 yielded 
δ13C increases of 0.007 - 1.975 (0.04 - 11.30 %).  
Variable Prey Importance 
Gelman Rubin Diagnostics indicated mixing models converged on accurate posterior 
distributions for all but one variable (1 variable > 1.10, 343 < 1.10). MixSIAR diet 
composition estimates indicated that crabs constituted a greater portion of the diet of the 
lobsters foraging at Fisherman Cove sites, while mussels constituted a greater portion of 
the diet of the lobsters foraging at Bird Rock sites where mussels are more numerous and 
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dense (Fig. 3). In this model the site variable accounted for the greatest amount of 
variation in lobster diet (mean sd = 3.185) while transect and individual accounted for 
less variation (mean sd = 0.233, 0.215). Analysis of ∆  15N sensitivity to 25% increases 
and decreases resulted in .7 - 19.5% differences in mean diet composition estimates. Most 
diet proportion estimates were significantly different when calculated with a modified ∆ 
15N, with estimated proportions of P. crassipes appearing the most sensitive to TDF 
modifications (Table 3).  The ∆  13C sensitivity analysis resulted in .4 – 3.3 % differences 
in mean diet composition estimates. Most diet proportion estimates calculated with a 
modified ∆  13C  were significantly different from those calculated with the base ∆  13C  
(Table 3). 
MixSIAR diet composition estimates incorporating demographic variables 
indicated some differences in foraging by sex, reproductive stage, and size. Median 
posterior densities from the demographic model incorporating sex as a variable suggested 
Mytilus sp. constituted a greater proportion of female lobster diet as compared to male 
lobster diet (Fig.4). In this model site and sex accounted for most of the variability in 
lobster diet (mean sd = 3.535, 1.214), while individual accounted for less of the modelled 
diet variability (mean sd = 0.193). Median posterior densities from the demographic 
model incorporating reproductive stage as a variable suggested no clear difference 
between diet proportions of berried and non-reproductive females but the sample size of 
non-reproductive females was relatively small (n = 11). In this model site accounted for 
the majority of the variability in lobster diet (mean sd = 1.748), while reproductive stage 
and individual accounted for less diet variability (mean sd = 0.340, 0.074). Posterior 
probability densities from the demographic model incorporating size as a variable 
suggested greater utilization of mussels and lesser utilization of crabs in the lobsters with 
the maximum CL (Fig.5). Median posterior probability densities of lobster diet 
composition suggest that mussel utilization increased and crab utilization decreased with 
increasing CL (Fig. 6).   
Variable Habitat Use and Selectivity  
Analysis of individuals of all sizes at each site suggested that individual lobsters did not 
use habitat uniformly at either Bird Rock (p=0.000 2= 3014.4, df = 112) or Fisherman 
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Cove (p=0.000, 2 = 2766.9, df = 92). Prey selectivity was exhibited at both Bird Rock 
(p=0.00, 2 = 3015.0, df = 114) and Fisherman Cove (p=0.000, 2 = 2767.5, df = 94). 
The lobster selectivity index for mussels was greater than one for lobsters at both sites, 
while selectivity indexes for limpets and crabs were within one standard error of one at 
both sites (Table 4). Large standard errors in lobster wi of Mytilus sp. at both sites 
indicates there is considerable intra-site variability in selective foraging behaviors.  
Size-class partitioned analyses indicated that individual Bird Rock lobsters within each 
size class did not use habitat uniformly, while there was no evidence of non-uniform 
habitat use by lobsters at Fisherman Cove (Table 5). Significant prey selectivity was 
exhibited by all size classes of lobsters at Bird Rock but was not significant for any of the 
lobster size classes at Fisherman Cove (Table 6).  
 
DISCUSSION 
In this study diets of spiny lobsters from the same bioregion varied by site, in 
correlation with mussel availability. Greater mussel availability and more lipid-rich, 
mussel laden diets of Bird Rock lobsters correlated with more robust lobster populations 
as estimated by Robles et al. (2001) and Windell (2015). This suggests that fine-scale 
heterogeneity in the benthic habitat drives variability in stocks of energetically valuable 
prey and spurs different trophic interactions. The considerable intraspecific foraging 
plasticity observed within a small geographic area (Fig. 3), highlights the importance of 
finer-scale spatial variability in influencing trophic dynamics. These patterns should be 
contrasted with measures of P. interruptus linked to larger-scale oceanographic processes 
such as fishery landings and pueruli abundance (Koslow et al. 2012).  
In site-wide comparisons of subpopulations of lobsters, we found evidence of 
selective foraging for Mytilus sp. mussels at both sites (Table 4), regardless of mussel 
availability but the subsequent size-class specific selectivity analysis suggested selective 
foraging was only evident at Bird Rock (Table 6). Overall habitat use was not uniform 
between individual lobsters and selectivity was variable. Within each site lobsters also 
exhibited variable diets, ranging from mussel specialists to less selective intertidal 
invertebrate generalists. This trophic heterogeneity suggests that examining site-wide 
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means of lobster diet and foraging selectivity is of limited utility and instead examination 
of individual measures would be more revealing. When feasible, examination of trophic 
dynamics at the level of the individual consumer facilitates a more complete 
understanding of the variability exhibited within a population of consumers.  This 
intraspecific feeding variability could have community and ecosystem level impacts, as 
has been observed in other systems (Post et al. 2008, Jansson et al. 2007). Ultimately, 
quantifying such variation in resource use may be an important element in understanding 
the true breadth and strength of a consumer’s role in an ecosystem.  
This study complements the more rigorous body of knowledge on P. interruptus subtidal 
habitat use (Hovel and Lowe in Hovel and Nielson 2011, Mai and Hovel 2007, Parnell et 
al. 2006, Parnell et al. 2007, Stull 1991, Withy-Allen and Hovel 2013) by adding to the 
few studies on spiny lobster intertidal habitat use (Engle 1979, Robles 1987, Castañeda-
Fernández de Lara et al. 2005). This work provides coastal resource managers with new 
insights on the variable role of intertidal habitats in supporting spiny lobster populations. 
This information complements recent estimations of spiny lobster survival rates by 
subtidal habitat type (Withy-Allen and Hovel 2013) and gives impetus to further consider 
inclusion of intertidal habitat within the state’s marine reserve network. The emergence 
of mussel availability as an important factor in influencing lobster foraging habits 
suggests that the current marine protected area design criteria, which groups all rocky 
intertidal habitats into one category, may be too general. Rather, for managers concerned 
with protecting spiny lobsters and sustaining viable lobster fisheries, it may be more 
effective to prioritize habitat with high mussel recruitment.  Successful management of 
mobile species like spiny lobster through marine reserves requires that managers consider 
which specific habitats and prey resources are likely to support increased populations of 
these species. Meanwhile managers should also appreciate the potential for great 
variability in the role of different resources across habitats, such as the greater 
prominence of shore crabs in the diet of Fisherman Cove lobsters (Fig. 3). Determining 
what constitutes quality habitat for these lobsters and the scale at which that habitat 
should be defined, could help mangers situate and design more effective marine reserves 
that facilitate important ecological interactions and help sustain fisheries (see Appendix 
A). 
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There is some uncertainty that arises with trophic estimates based on SIA, which rely 
on the assumption of a predictable isotopic enrichment with each increase in trophic level 
and does not allow distinction between isotopically overlapping prey species. This former 
assumption may be violated when processes other than assimilation of prey cause carbon 
or nitrogen fractionation. The coincidence of trophically corrected lobster isotope values 
and their expected prey suggests unexplained fractionation is minimal in this study and 
that the sampled prey species were representative of the actual lobster diet during this 
season. Isotopically overlapping congeners in this study limited the taxonomic resolution 
of the diet analysis, as they had to be grouped into a single guild. While inferences on 
prey taxa may not be supported at the species level, generalization of functionally similar 
intertidal invertebrates, such as grouping two species of Lottia sp. together, is not 
expected to hinder management considerations. 
Additional uncertainty remains in determining whether these study sites are 
representative of summertime foraging patterns of P. interruptus throughout its range. 
The geographic limitation and sample size of this case study suggests that more 
widespread research should be conducted to support inferences that apply beyond the 
Catalina Island bioregion. Given the high level of intraspecific variability in lobster diet 
and selectivity, both between and within study sites, this suggests that P. interruptus has 
great plasticity in feeding habits. The notion of P. interruptus as a generalist predator, 
may apply when evaluating the species at large, but more site-specific and demographic-
specific analyses reveal individual specialists that selectively forage, living amongst more 
generalizing and less selective conspecifics. A geographically expanded study may 
provide a more comprehensive description of how prey landscape, predator 
demographics, and other factors interact to shape nearshore trophic dynamics. 
Additionally, temporally expanding this research could help improve understanding of 
how these foraging dynamics vary seasonally, reflecting diet changes associated with 
migration to and from deeper waters, fasting during molt phases, and other seasonal 
patterns.      
Further SIA work could help determine the role of other physical and biological 
variables in impacting spiny lobster trophic dynamics. One potentially important 
difference between the two sites in this case study was the relatively elevated nitrogen 
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levels at bird rock. Bird Rock δ15N levels were consistently higher in lobster and prey 
species, though this difference was most notable in the benthic macroalgae, Lottia sp., P. 
crassipes, and P. interruptus. Meanwhile, Mytilus sp. and POM were less enriched, and 
more closely resembled isotopic signatures from samples across the channel in Fisherman 
Cove. Enriched nitrogen at Bird Rock may be explained by greater guano input from the 
nesting shorebirds and marine mammals that utilize Bird Rock. The isolation of this 
offshore site makes it inaccessible to terrestrial predators. Nutrient input from the guano 
on the islet may be facilitated by the dense summer fog and California sea lions and 
harbor seals that frequently transition into and out of the water.  
In this study P. interruptus diet and foraging selectivity varied with fine-scale 
foraging habitat quality. This work can be used to help define quality foraging habitat for 
this sometimes selective species and expands our understanding of the considerable 
intraspecific trophic variability that this species exhibits. This work will support the 
growing science of ecosystem-based management in which marine reserves are designed 
to promote critical trophic interactions at appropriate spatial scales.  
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Figure 1. Rocky intertidal bench study sites. Sites 
included three replicate benches, which were 
recreationally fished until 2012, at Bird Rock 
(blue) and three benches protected within a no-
take marine reserve in Big Fisherman Cove (red).  
Catalina Island Big 
Fisherman 
Cove 
Bird Rock 
33°27’ N 
118°20’ W 
N 
.25 K 
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Table 1. Mean δ13C and δ15N (per mill) ± 1 sd. Means were calculated from pooled samples from 
three replicate intertidal benches within each site (Bird Rock and Fisherman Cove). 
Organism δ13C δ15N  n δ13C δ15N  n
Primary Producers
Particulate organic matter -22.71 ± 1.28 6.32 ± 0.87 9 -22.93 ± 0.69 6.99 ± 0.73 9
Corallina officianalis -16.09 ± 1.94 12.33 ± 0.90     22* -16.97 ± 3.49 9.03 ± 0.49 26
Plocamium cartilagineum -17.61 ± 1.41 11.71 ± 0.58     21* -19.43 ± 1.33 9.76 ± 0.43      21*
Mussels
Mytilus californianus -19.45 ± 0.66 11.86 ± 0.94 26 -19.56 ± 0.61 10.51 ± 0.50 6
Mytilus galloprovinciallis -19.50 ± 1.17 11.58 ± 1.06 14 -19.78 ± 0.59 10.17 ± 0.41 11
Limpets
Lottia scabra -10.82 ± 1.23 16.30 ± 1.20 23 -13.17 ± 1.16 9.27 ± 0.78 20
Lottia limatula -12.13 ± 0.92 15.17 ± 1.31 27 -15.51 ± 1.02 10.16 ± 0.53 24
Shore crabs
Pachygrapsus crassipes -14.50 ± 1.08 18.85 ± 1.91 29 -16.25 ± 0.66 13.67 ± 0.73 30
California spiny lobster
Panulirus interruptus -16.66 ± 0.54 17.00 ± 0.64 57 -15.96 ± 0.56 16.44 ± 0.46 47
* indicates that n applies only to the δ13C analysis and sample size for δ15N is n - 1
Bird Rock Fisherman Cove
Table 1. Mean δ13C and δ15N (per mill) ± 1 sd. Means were calculated from pooled samples 
from thr e replicat  intertidal b nches within each site (Bird Rock and Fisherman Cove). 
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C:N n C:N n
Panulirus interruptus 3.41 ± 0.08* 57 3.43 ± 0.06* 47
Pachygrapsus crassipes 3.29 ± 0.18* 29 3.26 ± 0.05* 30
Mytilus californianus 4.08 ± 0.41 30 3.90 ± 0.04 2
Mytilus galloprovinciallis 4.18 ± 0.28 15 4.40 ± 0.31 11
Lottia scabra 3.67± 0.16 23 3.70 ± 0.15 20
Lottia limatula 3.65 ± 0.18 50 3.55 ± 0.14 23
*values under 3.5 are considered uniformly low in lipid content and 
do not require lipid normalization
Species
Bird Rock Fisherman Cove
Table 2. Mean C:N ± 1 sd for lobsters and lobster prey grouped by 
site   
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  Figure 2. Stable isotope values of muscle from individual lobsters from three replicate transects at 
Bird Rock in blue (BRA, BRB, and BRC) and three at Fisherman Cove in red (FCA, FCB, FCC). The 
general pattern of increasing δ15N with δ13C exhibited by the Bird Rock lobsters was not consistent 
with the more stable nitrogen values exhibited by Fishermen Cove lobsters.  
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Figure 3. MixSIAR Bayesian mixing models yielded spiny lobster diet composition estimates for lobsters collected from 
Fisherman Cove (left) and Bird Rock (right), Catalina Island, during July 2013. P. crassipes (blue) represented a higher 
proportion of the FC lobster diet, whereas Mytilus sp. (green) were more heavily preyed upon by BR lobsters. Lottia sp. (red) 
represented a small proportion of the diet of BR lobsters and little to none of the diet of FC lobsters. 
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  Table 3. Trophic discrimination factor sensitivity analysis. Mean diet proportions were estimated using different 
trophic discrimintation factors, ∆15N and ∆13C. Diet proportions were first estimated using Dbase, the best estimates 
of ∆15N and ∆13C values available in the literature (Suring and Wing 2009) and then compared to diet estimates based 
on 25 % increases and decreases in these assumed ∆15N and ∆13C values. 
             
   Mean Diet Proportions, D, assuming baseline and modified ∆13C and ∆15N  
 Prey Type   Dbase   DΔ13C  - 25 %   DΔ13C  + 25 %  DΔ15N  - 25 %  DΔ15N  + 25 % 
 Bird Rock            
  Lottia sp.            0.037 ± .025  0.070 ± .028*  0.012 ± .015*  0.002 ± .006*  0.109 ± .029*  
  Mytilus sp.     0.723 ± .044  0.706 ± .044*  0.740 ± .047*  0.657 ± .077*  0.788 ± .032*  
  P. crassipes  0.240 ± .050  0.220 ± .047*  0.248 ± .049  0.340 ± .077*  0.103 ± .033*  
 Fisherman Cove            
  Lottia sp.            0.008 ± .010  0.017 ± .018*  0.004 ± .006*  0.001 ± .003*  0.078 ± .031*  
  Mytilus sp.     0.177 ± .047  0.147 ± .043*  0.204 ± .051*  0.007 ± .018*  0.302 ± .051*  
  P. crassipes  0.815 ± .048  0.837 ± .045*  0.792 ± .051*  0.992 ± .019*  0.620 ± .053*  
* Values are significantly different from Dbase values according to Welch T-tests.  
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Figure 4. MixSIAR Bayesian mixing models yielded spiny lobster diet composition estimates by sex. Mytilus sp. (green) was the 
primary component of diet for both sexes but represented a higher proportion of the female lobster diet (right). Males (left) 
showed proportionally greater use of P. crassipes (blue).  
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Proportion of Diet Proportion of Diet Proportion of Diet 
 a)             b)          c) 
Figure 5. Spiny lobster diet composition estimates by carapace length. Diet composition estimates of lobsters of minimum (a), median 
(b), and maximum (c) carapace lengths indicated that Mytilus sp. (green) constitutes an increasing proportion of lobster diet with 
increased lobster size and P. crassipes (blue) constitutes a decreasing proportion of lobster diet with lobster size.  
Minimum CL 
 
Median CL 
 
Maximum CL 
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Figure 6. Variation in lobster diet proportions 
with lobster length. The median estimated 
proportion of Mytilus sp. (green) in lobster 
diet had a positive relationship with 
carapace length while median proportion of 
P. crassipes (blue) in lobster diet decreased 
with increasing length. The lines plotted are 
linear regressions fit to median proportions 
of each prey type in lobster diet.       
Lottia sp. 
Mytilus sp.  
P. crassipes 
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  Table 4. Estimated prey availability, estimated prey use, and lobster foraging 
selectivity (wi) ± 1 standard error.    
Bird Rock: Lottia sp. P. crassipes Mytilus sp. 
Available (cm2) 262.7 298.80 25.41
Available (proportion) 0.45 0.51 0.04
Used (mean proportion) 0.33 ± 0.27 0.33 ± 0.26 0.33 ± 0.35
Manly Selectivity Index (W) 0.74 ± 0.82 0.65 ± 0.64 8.36 ± 40. 98 *
Fisherman Cove: Lottia sp. P. crassipes Mytilus sp. 
Available (cm2) 152.64 255.51 14.52
Available (proportion) 0.36 0.60 0.03
Used (mean proportion) 0.34 ± 0.25 0.32 ± 0.33 0.34± 0.35
Selectivity Index (wi) 0.92 ± 1.23 0.56 ± 0.46 10.68 ± 60.74 *
* Signifies p < 0.05 in chi-square test of overall habitat selection
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Table 5. Test of uniform prey resource use by 
lobsters. Uniform prey use was tested using 
the chi-squared test for four size classes of 
lobsters at each site. A p < 0.05 indicates 
significantly non-uniform prey use by lobsters 
within each size class at Bird Rock. 
c2 p df
Bird Rock 
1 442.0 0.000 20
2 912.4 0.000 32
3 997.1 0.000 34
4 642.5 0.000 20
All sizes 3014.4 0.00 112
Fisherman Cove
1 10.2 0.999 34
2 4.1 0.988 12
3 5.5 0.996 16
4 7.7 0.999 24
All sizes 2766.9 0.000 92 
Lobster site and 
size classes:
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Table 6. Lobster prey selectivity by size class and site. Manly selectivity (wi ± 1 standard error) 
of limpets (Lottia sp.), shore crabs (P. crassipes), and mussels (Mytilus sp.) was calculated for 
four size classes of lobsters at each site. A wi > 1 and p < 0.05 indicates selective foraging for 
Mytilus sp. for each size class at Bird Rock. Prey selectivity was not significant for any of the 
individual size classes at Fisherman Cove. 
Lottia sp. P. crassipes Mytilus sp. c2 p df
Bird Rock 
1 0.69 ± 0.77 0.73 ± 0.73 7.92 ± 38.89 442.5 0.000 22
2 0.75 ± 0.83 0.68 ± 0.68 7.86 ± 38.53 912.9 0.000 34
3 0.76 ± 0.86 0.60 ± 0.60 8.68 ± 42.56 997.7 0.000 36
4 0.72 ± 0.79 0.62 ± 0.63 8.99 ± 44.13 643.1 0.000 22
All sizes 0.74 ± 0.82 0.65 ± 0.64 8.36 ± 40. 98 3015.0 0.00 114
Fisherman Cove
1 0.97 ± 1.29 0.56 ± 0.46 10.19 ± 57.98 10.7 0.999 36
2 0.82 ± 1.10 0.50 ± 0.43 13.13 ± 74.79 4.8 0.988 14
3 0.91 ± 1.23 0.55 ± 0.47 11.01 ± 62.75 6.1 0.996 18
4 0.93 ± 1.25 0.60 ± 0.49 9.80 ± 55.79 8.2 0.999 26
All sizes 0.92 ± 1.23 0.56 ± 0.46 10.68 ± 60.74 2767.5 0.000 94 
Manly Selectivity (wi) by prey type:Lobster site and 
size classes:
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APPENDIX A 
INCORPORATING SPINY LOBSTER DIET AND 
FORAGING HABITAT INTO CALIFORNIA 
ECOSYSTEM BASED MANAGEMENT 
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In California, coastal systems provide a wide range of ecosystem services, but these may be waning 
with declining ecosystem health. Over the past century scientists and fishermen have noted marked 
declines in species like the California spiny lobster (Panulirus interruptus), an important predator and 
fishery species. Declines in the abundance and average size of this species have resulted in reduction in 
catch per unit effort and may have altered the predatory role lobsters play in the ecosystem. In efforts 
to combat overfishing of this valuable species, managers have implemented seasonal limits, catch size 
minima, and marine protected areas (MPAs) which restrict or prohibit fishing. But MPAs such as the 
Catalina Island Marine Reserve were designed without regard to lobster foraging preferences or fine 
scale differences in foraging habitat quality. In intertidal habitats in this region, when the tide 
submerges the rocky reef, lobsters forage upon the resident mussels, snails, and crabs. I investigated 
how these intertidal reefs support these foraging lobsters and I estimated the spatial scale at which 
intertidal spiny lobster foraging varies across this area.  
 To investigate this variation in intertidal foraging on Catalina Island, I tested the hypothesis that 
the diet of spiny lobsters differs between sites with different mussel abundance using stable isotope 
analysis (SIA) of their muscle tissues, a biochemical technique that supports diet composition estimates. 
I applied Bayesian mixing models to these isotopic data to test whether the composition of mussel, crab, 
and limpet prey varies between or within the lobster subpopulations. To then asses for patterns of 
demographic variability in lobster foraging I tested whether lobster diet varies with their size, sex, or 
reproductive state. To further understand the relationship between intertidal habitat and lobster 
foraging, I tested the hypothesis that these lobsters selectively forage upon mussels by comparing SIA-
based diet estimates to prey availability estimates using the Manly Selectivity measure. This work 
provides a better understanding of lobsters' spatially and demographically variable use of intertidal 
foraging grounds. 
 Insights on demographic patterns and mussel selectivity in spiny lobster foraging from the long-
standing Catalina Island Marine Reserve can be applied to future efforts at refining the statewide 
network of marine protected areas under the Marine Life Protection Act. Meanwhile, evidence of 
variable habitat use can supplement the review of what is considered critical spiny lobster habitat in the 
California Department of Fish and Wildlife’s Draft Spiny Lobster Fishery Management Plan (FMP). My 
analysis suggests that intertidal habitat plays a variable role in supporting lobster prey assemblages and 
foraging lobsters. Lobsters consumed a much higher proportion of mussels when they were available, 
and they selectively foraged for mussels, even where they were sparsely available. For coastal 
managers, this highlights the importance of protecting specific habitat, if not a specific food resource, to 
support commercially and ecologically important species. Meanwhile, the considerable variability in diet 
and selective foraging exhibited between individual lobsters in this study suggests that managing these 
animals based on mean habitat use, may overlook important patterns in resource use. With MPA 
designation and other coastal management scaled to include important and variable ecological 
interactions, it may be possible to identify the most critical foraging habitat for protection, in order to 
help restore community trophic dynamics. Such restored communities may more closely resemble the 
vibrant ecosystems that persisted historically and they may better support sustained fisheries. 
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APPENDIX B 
RAW LOBSTER MUSCLE STABLE ISOTOPE VALUES 
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  δ13C δ15N      Site 
-15.68 18.61 BRA 
-16.14 17.79 BRA 
-15.97 18.99 BRA 
-15.43 18.16 BRA 
-17.61 16.65 BRA 
-17.41 16.32 BRA 
-16.80 16.70 BRA 
-15.87 17.90 BRA 
-17.26 16.36 BRA 
-15.21 18.61 BRA 
-16.17 17.64 BRA 
-16.68 16.62 BRA 
-16.59 17.33 BRA 
-16.44 16.91 BRA 
-15.62 17.66 BRA 
-16.85 17.04 BRA 
-16.48 16.68 BRA 
-16.39 16.76 BRA 
-16.41 16.99 BRA 
-16.86 16.49 BRA 
-16.74 17.35 BRA 
-17.01 16.67 BRA 
-17.00 16.72 BRA 
-16.73 17.00 BRA 
-16.36 18.19 BRB 
-17.26 16.31 BRB 
-16.32 17.82 BRB 
-17.13 16.17 BRB 
-16.22 16.74 BRB 
-15.79 17.77 BRB 
-16.20 17.16 BRB 
-17.36 16.49 BRB 
-17.25 16.51 BRB 
-16.97 17.24 BRB 
  
 
 
 
 
 
 δ13C  δ15N     Site 
-17.02 16.71 BRB 
-16.62 16.94 BRB 
-15.96 17.23 BRB 
-16.65 16.76 BRB 
-16.85 17.13 BRB 
-16.75 16.44 BRC 
-17.15 16.43 BRC 
-16.44 16.84 BRC 
-17.34 16.10 BRC 
-17.15 16.25 BRC 
-17.32 16.44 BRC 
-16.79 16.47 BRC 
-16.94 16.81 BRC 
-15.48 17.78 BRC 
-17.31 16.54 BRC 
-17.17 16.57 BRC 
-17.10 16.68 BRC 
-16.64 16.74 BRC 
-16.46 16.55 BRC 
-16.67 17.06 BRC 
-16.94 16.89 BRC 
-16.85 16.91 BRC 
-16.60 16.74 BRC 
-15.73 16.50 FCA 
-15.77 16.46 FCA 
-16.69 15.73 FCA 
-16.44 16.60 FCA 
-15.45 16.65 FCA 
-15.63 16.47 FCA 
-16.48 16.56 FCA 
-15.48 16.71 FCA 
-15.78 16.21 FCA 
-15.91 17.03 FCA 
-16.03 17.20 FCA 
-16.36 16.83 FCA 
  
 
 
 
 
 δ13C  δ15N      Site 
-15.42 15.77 FCA 
-15.62 16.80 FCA 
-15.52 16.77 FCA 
-16.01 16.55 FCA 
-15.38 16.66 FCA 
-17.21 16.13 FCB 
-16.02 16.77 FCB 
-16.69 16.66 FCB 
-15.13 16.27 FCB 
-15.91 16.38 FCB 
-15.63 16.75 FCB 
-16.03 16.59 FCB 
-15.57 15.79 FCB 
-14.71 16.78 FCB 
-16.04 16.15 FCB 
-15.45 16.74 FCB 
-15.45 15.91 FCB 
-16.64 17.17 FCB 
-16.10 16.89 FCB 
-16.20 16.60 FCC 
-17.14 15.57 FCC 
-15.36 16.71 FCC 
-16.66 16.16 FCC 
-16.73 14.85 FCC 
-15.69 16.99 FCC 
-15.80 16.97 FCC 
-15.88 16.28 FCC 
-15.54 16.30 FCC 
-16.30 16.35 FCC 
-16.02 16.21 FCC 
-16.33 15.28 FCC 
-15.91 16.56 FCC 
-16.37 16.20 FCC 
-16.53 16.78 FCC 
-16.33 16.49 FCC
  
APPENDIX C 
RAW PREY MUSCLE STABLE ISOTOPE VALUES (NON-LIPID-
NORMALIZED) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  δ13C  δ15N       Genus Species Transect 
-11.63 13.88 Lottia limatula BRB 
-13.96 15.34 Lottia limatula BRC 
-11.92 14.40 Lottia limatula BRC 
-13.26 16.39 Lottia limatula BRB 
-12.50 12.75 Lottia limatula BRB 
-11.70 13.91 Lottia limatula BRB 
-11.40 17.02 Lottia limatula BRC 
-11.85 13.87 Lottia limatula BRC 
-13.23 14.88 Lottia limatula BRC 
-10.98 15.63 Lottia limatula BRB 
-11.76 13.98 Lottia limatula BRB 
-14.11 14.53 Lottia limatula BRA 
-12.37 15.21 Lottia limatula BRB 
-16.39 10.84 Lottia limatula FCA 
-16.68 9.76 Lottia limatula FCA 
-14.77 10.72 Lottia limatula FCA 
-16.54 10.19 Lottia limatula FCA 
-14.67 9.53 Lottia limatula FCA 
-16.07 10.42 Lottia limatula FCC 
-15.63 10.73 Lottia limatula FCC 
-13.62 10.43 Lottia limatula FCB 
-15.38 10.22 Lottia limatula FCB 
-13.82 9.84 Lottia limatula FCB 
-15.85 9.37 Lottia limatula FCB 
-17.03 10.63 Lottia limatula FCB 
-17.26 10.79 Lottia limatula FCB 
-15.85 10.73 Lottia limatula FCC 
-15.67 10.09 Lottia limatula FCA 
-15.66 10.45 Lottia limatula FCA 
-14.80 9.85 Lottia limatula FCA 
-14.62 9.20 Lottia limatula FCA 
-12.60 17.64 Lottia limatula BRC 
-10.63 14.45 Lottia limatula BRC 
-14.70 10.50 Lottia limatula FCC 
-13.71 9.19 Lottia limatula FCC 
-11.76 16.17 Lottia limatula BRA 
-12.56 14.31 Lottia limatula BRA 
-15.97 9.55 Lottia limatula FCB 
-15.96 10.84 Lottia limatula FCB 
-11.85 15.86 Lottia limatula BRA 
-14.97 10.16 Lottia limatula FCB 
-10.80 18.62 Lottia limatula BRC 
-11.28 13.81 Lottia limatula BRA 
  
-16.60 9.86 Lottia limatula FCC 
-13.11 14.18 Lottia limatula BRA 
-11.82 15.06 Lottia limatula BRA 
-13.14 14.78 Lottia limatula BRA 
-12.45 15.66 Lottia limatula BRB 
-11.41 15.67 Lottia limatula BRB 
-12.60 16.65 Lottia limatula BRB 
-10.96 14.94 Lottia limatula BRA 
-10.80 15.17 Lottia scabra BRB 
-11.81 15.53 Lottia scabra BRA 
-7.36 17.85 Lottia scabra BRA 
-10.78 14.08 Lottia scabra BRC 
-10.97 13.94 Lottia scabra BRC 
-11.06 19.15 Lottia scabra BRB 
-12.10 16.04 Lottia scabra BRA 
-12.51 16.50 Lottia scabra BRB 
-11.28 15.70 Lottia scabra BRB 
-10.88 15.50 Lottia scabra BRB 
-12.66 17.39 Lottia scabra BRC 
-11.09 15.88 Lottia scabra BRB 
-10.43 16.78 Lottia scabra BRC 
-12.20 16.15 Lottia scabra BRC 
-10.98 15.71 Lottia scabra BRA 
-8.91 15.90 Lottia scabra BRA 
-11.40 16.32 Lottia scabra BRB 
-11.58 16.94 Lottia scabra BRC 
-12.62 9.53 Lottia scabra FCA 
-12.26 9.82 Lottia scabra FCA 
-14.72 9.00 Lottia scabra FCA 
-11.47 9.13 Lottia scabra FCA 
-13.58 9.53 Lottia scabra FCB 
-11.37 8.46 Lottia scabra FCB 
-11.73 8.61 Lottia scabra FCB 
-11.69 8.85 Lottia scabra FCB 
-12.60 9.55 Lottia scabra FCB 
-14.13 10.38 Lottia scabra FCC 
-14.46 9.61 Lottia scabra FCC 
-13.88 10.05 Lottia scabra FCC 
-13.25 9.70 Lottia scabra FCC 
-14.33 10.16 Lottia scabra FCC 
-14.65 9.75 Lottia scabra FCC 
-14.01 9.78 Lottia scabra FCC 
-13.38 8.65 Lottia scabra FCA 
-10.12 16.13 Lottia scabra BRA 
  
-11.67 8.37 Lottia scabra FCA 
-14.45 7.06 Lottia scabra FCA 
-10.40 17.35 Lottia scabra BRA 
-13.09 9.33 Lottia scabra FCA 
-9.09 17.76 Lottia scabra BRA 
-10.77 15.60 Lottia scabra BRB 
-9.58 17.50 Lottia scabra BRB 
-19.41 11.29 Mytilus californianus BRA 
-19.23 12.09 Mytilus californianus BRA 
-19.56 12.59 Mytilus californianus BRB 
-18.96 12.71 Mytilus californianus BRB 
-18.97 13.66 Mytilus californianus BRA 
-19.61 10.76 Mytilus californianus BRC 
-18.99 12.76 Mytilus californianus BRB 
-19.32 10.72 Mytilus californianus BRA 
-18.19 13.81 Mytilus californianus BRA 
-18.91 12.39 Mytilus californianus BRA 
-19.55 11.35 Mytilus californianus BRA 
-19.58 12.02 Mytilus californianus BRB 
-19.57 11.12 Mytilus californianus FCA 
-19.92 9.59 Mytilus californianus FCB 
-19.55 10.53 Mytilus californianus FCA 
-19.39 10.60 Mytilus californianus FCA 
-19.80 10.54 Mytilus californianus FCA 
-19.39 11.49 Mytilus californianus BRA 
-19.51 11.36 Mytilus californianus BRA 
-20.85 11.69 Mytilus californianus BRA 
-20.50 11.76 Mytilus californianus BRA 
-20.11 11.76 Mytilus californianus BRA 
-19.52 10.86 Mytilus californianus BRC 
-19.89 11.01 Mytilus californianus BRC 
-19.45 11.57 Mytilus californianus BRC 
-19.57 10.67 Mytilus californianus BRC 
-18.83 12.79 Mytilus californianus BRC 
-20.38 10.63 Mytilus californianus BRC 
-20.48 10.88 Mytilus californianus BRC 
-19.16 10.67 Mytilus californianus FCB 
-18.10 12.25 Mytilus californianus BRB 
-18.78 13.37 Mytilus californianus BRB 
-19.33 11.93 Mytilus galloprovincialis BRC 
-19.69 11.43 Mytilus galloprovincialis BRA 
-19.27 11.82 Mytilus galloprovincialis BRB 
-19.09 11.83 Mytilus galloprovincialis BRA 
-20.34 9.61 Mytilus galloprovincialis FCB 
  
-18.81 10.62 Mytilus galloprovincialis FCA 
-18.76 10.75 Mytilus galloprovincialis FCA 
-20.25 9.81 Mytilus galloprovincialis FCB 
-19.57 9.58 Mytilus galloprovincialis FCC 
-19.48 10.64 Mytilus galloprovincialis FCA 
-20.23 10.06 Mytilus galloprovincialis FCB 
-20.02 9.98 Mytilus galloprovincialis FCC 
-19.72 10.37 Mytilus galloprovincialis FCC 
-19.19 12.37 Mytilus galloprovincialis BRB 
-18.97 12.84 Mytilus galloprovincialis BRB 
-19.97 11.58 Mytilus galloprovincialis BRA 
-20.79 10.23 Mytilus galloprovincialis BRC 
-18.34 13.21 Mytilus galloprovincialis BRC 
-20.07 10.52 Mytilus galloprovincialis BRC 
-20.17 10.15 Mytilus galloprovincialis BRC 
-20.59 9.87 Mytilus galloprovincialis BRC 
-19.85 10.24 Mytilus galloprovincialis FCA 
-18.99 12.83 Mytilus galloprovincialis BRB 
-19.65 11.38 Mytilus galloprovincialis BRA 
-18.59 11.55 Mytilus galloprovincialis BRB 
-20.53 10.22 Mytilus galloprovincialis FCC 
-15.63 17.34 Pachygrapsus crassipes BRC 
-15.01 21.66 Pachygrapsus crassipes BRB 
-13.52 19.78 Pachygrapsus crassipes BRB 
-14.92 17.37 Pachygrapsus crassipes BRC 
-16.09 15.87 Pachygrapsus crassipes BRC 
-14.20 18.40 Pachygrapsus crassipes BRB 
-14.05 19.37 Pachygrapsus crassipes BRC 
-14.85 17.20 Pachygrapsus crassipes BRB 
-14.85 18.75 Pachygrapsus crassipes BRC 
-14.76 17.54 Pachygrapsus crassipes BRB 
-15.54 15.92 Pachygrapsus crassipes BRC 
-15.20 16.60 Pachygrapsus crassipes BRC 
-15.19 21.32 Pachygrapsus crassipes BRB 
-15.56 16.89 Pachygrapsus crassipes BRB 
-15.07 13.85 Pachygrapsus crassipes FCA 
-15.58 12.02 Pachygrapsus crassipes FCC 
-15.78 14.20 Pachygrapsus crassipes FCC 
-15.53 13.45 Pachygrapsus crassipes FCC 
-15.01 13.68 Pachygrapsus crassipes FCA 
-16.58 14.40 Pachygrapsus crassipes FCA 
-16.36 12.67 Pachygrapsus crassipes FCB 
-16.87 13.63 Pachygrapsus crassipes FCC 
-16.23 13.78 Pachygrapsus crassipes FCC 
  
-16.31 13.99 Pachygrapsus crassipes FCB 
-16.61 13.96 Pachygrapsus crassipes FCB 
-16.33 14.94 Pachygrapsus crassipes FCB 
-17.84 12.86 Pachygrapsus crassipes FCB 
-16.19 14.16 Pachygrapsus crassipes FCB 
-16.17 14.07 Pachygrapsus crassipes FCC 
-15.67 13.80 Pachygrapsus crassipes FCA 
-17.29 13.26 Pachygrapsus crassipes FCB 
-16.43 14.09 Pachygrapsus crassipes FCA 
-16.73 13.75 Pachygrapsus crassipes FCC 
-16.18 14.21 Pachygrapsus crassipes FCB 
-15.41 13.17 Pachygrapsus crassipes FCB 
-16.04 13.12 Pachygrapsus crassipes FCA 
-17.81 11.50 Pachygrapsus crassipes FCA 
-15.76 13.77 Pachygrapsus crassipes FCC 
-14.72 16.51 Pachygrapsus crassipes BRA 
-13.32 18.54 Pachygrapsus crassipes BRA 
-16.10 14.09 Pachygrapsus crassipes FCA 
-14.85 17.50 Pachygrapsus crassipes BRA 
-15.50 22.18 Pachygrapsus crassipes BRA 
-16.68 13.60 Pachygrapsus crassipes FCA 
-13.42 21.75 Pachygrapsus crassipes BRA 
-14.41 20.38 Pachygrapsus crassipes BRA 
-11.15 20.55 Pachygrapsus crassipes BRA 
-12.45 20.31 Pachygrapsus crassipes BRA 
-15.48 20.51 Pachygrapsus crassipes BRA 
-13.13 18.42 Pachygrapsus crassipes BRA 
-14.95 17.13 Pachygrapsus crassipes BRB 
-13.50 20.95 Pachygrapsus crassipes BRC 
-14.79 17.65 Pachygrapsus crassipes BRC 
-14.48 21.21 Pachygrapsus crassipes BRB 
-15.09 19.09 Pachygrapsus crassipes BRC 
-15.90 13.39 Pachygrapsus crassipes FCB 
-16.35 13.89 Pachygrapsus crassipes FCC 
-16.53 14.88 Pachygrapsus crassipes FCC 
-16.24 13.91 Pachygrapsus crassipes FCA 
 
